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BACKGROUND OF THE INVENTION 
FIELD OF THE INVENTION 

The present invention relates generally to structural components, and, 
specifically, to armors. In particular, the present invention relates to armors including a 
material that is capable of undergoing at least one of a reversible phase change and/or 
an elastic strain deformation of at least 5% when an object impacts the armors and 
transfers sufficient energy to the armors. The present invention is also directed to 
methods of manufacturing such armors. The armors of the invention find application 
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as, for example, a protective facing material for armored vehicles, such as tanks, 
helicopters, trucks, and the like. 



DESCRIPTION OF THE INVENTION BACKGROUND 
5 Historically, armored combat vehicles were protected by heavy metallic 

armors made from, for example, iron or high alloy steels. As more powerful and 
sophisticated armor piercing projectiles were developed, armors made from these 
conventional materials had to be made more resistant to penetration. This was 
p generally achieved by making the armor thicker, which had the disadvantage of making 

■5S? 

SC1 0 the armor heavier. 

In response to the development of sophisticated armor piercing rounds, 

if * 

j[j stronger but lighter materials began to be used. For example, Ti-6AI-4V (nominally 6 

s 

□ weight percent aluminum, 4 weight percent vanadium, balance essentially titanium) has 

W 

h» good penetration resistance and, therefore, has become a widely used armor material. 

In 

;~-15 This alloy, which is relatively lightweight, absorbs the energy of a projectile by 

spreading the energy out across its mass, thereby blunting the tip of the projectile and 
resisting penetration. Military Specification MIL-A-40677 sets forth the military 
requirements for such armors. Various modifications to the composition of titanium- 
based armors have been proposed, some of which are taught in U.S. Patent Nos. 
20 6,053,993, 5,980,655, and 5,332,545. 

Recently, conventional lightweight armors, including titanium-base 
armors, have been thwarted by advanced armor piercing rounds designed to 
concentrate their energy within a very small area that may melt the armor material. In 
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response, ceramic-based armors have been developed. Ceramics are used in the 
fabrication of armors because they are lightweight and extremely hard materials. One 
of the drawbacks with ceramic armors, however, is that they dissipate the energy of the 
projectile partially by cracking. Therefore, ceramic armors lack repeat hit capability, i.e., 
5 they will not resist penetration if hit in the same position multiple times, and they 
disintegrate if struck by multiple rounds. Attempts have been made to address this 
problem, one of which is disclosed in U.S. Patent No. 4,987,033, which teaches an 
armor that uses a Ti-6AI-4V layer surrounding a ceramic-based core. Nevertheless, 
r=l while this design provides somewhat improved performance, the ceramic core 

si 

CdO eventually cracks when struck multiple times, thereby eliminating the armor's 

GJ 

™ effectiveness. Moreover, the cost of ceramic armors may be exorbitant. 

If! 

h\ Another class of armor design is the so-called reactive armor. Here, the 

q armor includes an explosive material that, when contacted by the projectile, explodes 

UJ 

M violently. In this design, the outward force of the reactive armor explosion counteracts 

In 

H1 5 the force of the incoming projectile, thereby resisting penetration of the armor. Reactive 
armor designs may also include movable members that may, for example, absorb the 
energy of the projectile, blunt the projectile, modify the trajectory of the projectile, and/or 
destroy the projectile. An example of such an armor design is disclosed in U.S. Patent 
No. 5,293,806. Reactive armors, however, like ceramic armors, are deficient in that 
20 they do not have multi-shot capability, /.e., they do not provide substantial protection 
against multiple hits occurring in the same region. Once the reactive armor is activated, 
a second round hitting the armor in the same location is much more likely to penetrate 
the armor. 
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Thus, it is desirable to provide a lightweight armor having multi-shot 
capability that is able to withstand the energy of advanced armor piercing rounds. 

SUMMARY OF THE INVENTION 

The present invention relates to a structural component, particularly an 
armor, and a method of manufacturing such armor. In particular, the present invention 
relates to an armor comprising a first plate or other structure including a metallic 
material that absorbs energy from an object upon impact by at least one of a reversible 
phase change and/or an elastic strain deformation of at least 5%. The invention results 
in a lightweight armor with repeat hit capability. Such energy absorbing materials may 
include, for example, nickel-titanium alloys, copper-zinc alloys, and copper-aluminum- 
nickel-manganese alloys. 

According to one embodiment of the invention, the armor includes a first 
plate and the energy absorbing material of the firstplate comprises at least one layer of 
an alloy consisting essentially of 45 up to 5 5 atomic pe rcent nickel (40 - 50 wt% nickel), 
45 up to 55 atomic percent titanium (50 - 60 wt% titanium), and incidental impurities. 
For example, the first plate may comprise two energy absorption layers wherein the 
composition of one energy absorption layer is manipulated such that it absorbs the 
energy from an object upon impact by a reversible phase change and the composition 
of the other energy absorption layer is manipulated so that it absorbs such energy by 
elastic strain deformation of at least 5%. 

The armor of the present invention may also comprise a first plate and a 
second plate, wherein the second plate comprises a material that is different from the 



material of the first plate. For example, the second plate may be comprised of any one 
of several traditional armor materials. Similarly, the armor plate of the present invention 
may also include a third plate that is disposed opposite to the second plate and is also 
comprised of a material that is different from the material of the first plate. 
5 The present invention also relates to a method of manufacturing an armor 

plate. According to the method, a first plate comprising at least one energy absorption 
layer is provided by conventional techniques. The first plate is then contacted with the 
second plate, which is also formed by conventional techniques, and then bonded 

o thereto. The contacting surfaces of the first plate and the second plate may be 

HiO cleaned, such as by grinding and pickling, before they are contacted. The bonding of 
the first and second plates may be completed by heating the plates and then applying 

Si bonding pressure thereto, such as by rolling, hot isostatic pressing (HIP), or explosive 

□ bonding, until a metallurgical bond is formed therebetween. 
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f** If a third plate is provided, it is also contacted to the first plate and bonded 

r*A 5 thereto. The third plate is placed opposite the second plate and contacts the first plate. 
The contacting surfaces of the first plate and the third plate may be cleaned, such as by 
grinding and pickling, before they are contacted. The third plate may also be bonded to 
the first plate by heating the plates and then applying pressure thereto, such as by 
rolling, HIP, or explosive bonding, until a metallurgical bond is formed therebetween. 

20 

BRIEF DESCRIPTION OF THE DRAWINGS 
The advantages of the present invention may be better understood by 
reference to the drawings in which: 
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FIGURE 1 is a schematic illustration of an embodiment of the lightweight 
armor of the present invention; AND 

FIGURE 2 is a photomicrograph illustrating the bond between plates in 
accordance with one embodiment of the lightweight armor of the present invention. 

5 

DETAILED DESCRIPTION OF THE INVENTION 
Referring now to Figure 1 , in one form the present invention provides an 
armor 10 including a material that absorbs energy from an object when the object 
q impacts the armor. The armor 10 may be in the form of a plate or in some other 

r : : 
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111 0 suitable form. The metallic material used in the present invention absorbs the energy 

through at least one of a reversible phase change and/or elastic (and therefor 
jlj reversible) deformation. Armors within the present invention that absorb the energy of 
□ impact solely by elastic deformation are those wherein the material has elastic strain of 

£ . : 

at least 5%. The lightweight armor 10 has repeat hit capability, even against advanced 
;*Jl 5 armor piercing rounds. In another form, the present invention is directed to a method of 
manufacturing such an armor constructed according to the present invention. 

Armor 10 includes a first layer in the form of a first plate 20. This first 
plate 20 comprises at least one energy absorbing layer 22 that includes^material that 
will absorb the energy from an object, such as an armor piercing projectile, that impacts 
20 the armor 10. The material included in layer 22 absorbs energy by reversibly changing 
phase and/or by elastically deforming. The material also may absorb energy by both 



Hi 

in 



reversible phase change and elastic deformation mechanisms. In the case where the 
sole mechanism of energy absorption of layer 22 is elastic deformation, the energy 



absorbing material is a highly elastic metallic material that will exhibit elastic strain of at 



least 5%. Materials that absorb energy by these phase change and/or elastic V 
deformation mechanisms include, for example, certain nickel-titanium alloys, copper- 
zinc alloys, and copper-aluminum-nickel-manganese alloys. 

According to one embodiment of the present invention, the first plate 20 
comprises an alloy consisting essentially of 45 up to 55 atomic percent nickel (40 - 50 
wt% nickel) and 45 up to 55 atomic percent titanium (50 - 60 wt% titanium), known to 
those of ordinary skill as Nitinol. Other elements, such as, for example, Cu, Fe, Cr, Pd 



n and V, may also be present in the Nitinol material as alloying elements in small 
K|l 0 amounts^j 

^ Nitinol is a well-known shape memory alloy (SMA) that is a binary alloy of 

In 
?* 

% nickel and titanium and can switch from one shape to another, "memorized" shape 

%y 

p upon a temperature change. One way that Nitinol exhibits this characteristic is by 

5.3 

H undergoing a reversible endothermic phase change when heated to a predetermined 
Ol5 temperature. However, by tailoring the composition of this material, it is possible to 

manipulate the mechanism by which the material absorbs energy from an object upon 
impact by the object. For example, a Nitinol material that is relatively rich in titanium, 
i.e., greater than about 51 atomic percent titanium is in a martensitic state or phase at 
operating temperatures up to 200°C (212°F). Upon impact, this shape memory effect 
20 (SME) alloy absorbs energy by undergoing a reversible endothermic phase change 
from the martensitic to the austenitic state. Since austenite is the "remembered" 
original configuration, the original shape of the plate is restored after the energy from 
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the object has been absorbed and dissipated, thereby resulting in an armor plate 10 

with repeat hit capability. 

On the other hand, a Nitinol material that is relatively rich in nickel, i.e., 

less than 50 atomic percent titanium, is in the austenitic state or phase at operating 
5 temperatures down to about -50°C (-58°F). In this superelastic SME alloy, large elastic 

strain deformation can absorbs a large amount of energy from an incoming object. 

These strains may be on the order of 10%. For purposes of the present invention a 

strain deformation of at least 5% is contemplated. After releasing the stress, the 
i*s material recovers its initial shape without the additional input of heat or other energy. 
ftrtO This also results in an armor 10 with repeat hit capability. 

'■S3 7 

;; r jj By tailoring the composition of the Nitinol material, it is possible to pre-set 

the temperature or, in other words, energy input, at which the transformation of the alloy 

is 5 :? 

p from an austenite phase to a martensite phase will occur. As the atomic percent of 

[r . S '" " * " 

H nickel in the Nitinol material is increased, the martensitic transformation temperature 
^1 5 decreases. For alloys composed of 45 up to 55 atomic percent nickel and 45 up to 55 
atomic percent titanium, optionally along with trace impurities, the martensitic 
transformation temperature can be from around -50°C up to around 200°C depending 
upon the actual elemental composition of the material. Thus, according to the present 
invention, the armor plate 10 may comprise a material that undergoes a reversible 
20 endothermic phase change at a temperature that is predetermined. This may be 
particularly useful if the normal temperature encountered by the material in service is 
known. In this case, the temperature at which the phase change occurs may be 
"preset" to a level higher that the nominal service temperature. 
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According to another embodiment of the present invention, the first plate 
20 may contain a second energy absorption layer 24. According to this embodiment, 
the composition of the energy absorption layers 22, 24 are manipulated such that one 
of them, whether it is the first energy absorption layer 22 or the second energy 
5 absorption layer 24, comprises a material that absorbs the energy from an incoming 
round by a reversible phase change, i.e., it is martensitic at operating temperatures of 
up to 200°C (212°F), and the other energy absorption layer comprises a material that 
absorbs the energy from an incoming round by strain deformation of at least 5%, i.e., it 
□ is austenitic at operating temperature down to -50°C (-58°F). Such a combination of 
WlO mechanisms may be incorporated to manage the speed of the transformation. 

The present invention may also include a second plate 30 that comprises 
fJi a different material than the material comprising the first plate 20. This second plate 30 

O may, for example, comprise any traditional armor materials such as, for example, 

hi ^ — . ~ — . 

titanium, gamma phase titanium-aluminum, a titanium^aHoy (such as, for example, CPTi 
Hi 5 grades (1-4)), p titanium alloy (such as, for example, Ti(1 0-2-3) or Ti (15-3-3-3)), or ap 
titanium alloy (such as, for example, Ti(6-4)). Preferably, the second plate 30 is 
disposed contiguous with the first plate 20 and the second plate 30 may be diffusion 
bonded to the first plate 20. 

The present invention may also include aj hi rd p late_40 that also 
20 compris es a diffej^n tjpaterial than the material comgrising the first plate 20. The third 
plate 40 is disposed opposite the second plate 30. Like the second plate 30, this third 
plate 40 may be comprised, for example, of any traditional armor materials such as, for 
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example, titanium, gamma phase titanium-aluminum, a titanium alloy (such as, for 
example, CPTi grades (1-4)), p titanium alloy (such as, for example, Ti(1 0-2-3) or Ti 
(15-3-3-3)), or ap titanium alloy (such as, for example, Ti(6-4)). Also, the third plate 40 
may be disposed contiguous with the first plate 20 and the third plate 40 may be 
5 diffusion bonded to the first plate 20. 

The armor plate 10 of the present invention may be manufactured by 
providing a first plate 20 that comprises at least one energy absorption layer 22. As 
discussed earlier, the first plate 20 may comprise a single energy absorption layer 22 or 
□ it may comprise multiple energy absorption layers 22, 24, as shown in Figure 1. 

: 

TSSP 

W10 Preferably, the first plate 20 comprises Nitinol, wherein the Nitinol may be multiple 
fyi layers of different compositions with superelastic and SME compositions, as discussed 
m earlier. The method of forming Nitinol plates is well known to those skilled in the art. 

3 

O The first plate 20 is contacted to the second plate 30 and bonded thereto, 

f;; The first plate 20 and the second plate 30 may be initially contacted by welding the first 

£ : i 
■::.* ; 

Hjl 5 plate 20 on seams (or edges) to the second plate 30. Preferably, the contacting 

surfaces of the first plate 20 and the second plate 30 are cleaned, such as by grinding 
and pickling, before they are contacted. 

Referring now to Figure 2, there is illustrated a photomicrograph of the 
bond between plates in accordance with one embodiment of the lightweight armor of 
20 the present invention. The bonding of the first plate 20 to the second plate 30 may be 
completed by heating the first plate 20 and the second plate 30 and applying bonding 
pressure, such as by rolling, HIP or explosive bonding, to the first plate 20 and the 
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second plate 30 to provide a metallurgical bond. For example, when the first plate 20 
comprises Nitinol and the second plate 30 comprises Ti(6-4), the plates may be rolled 
at below 1800°F to achieve intimate contact between the first plate 20 and the second 
plate 30. The plates may then be heated to above 1830°F to create a limited liquid 
phase (The bonding of Nitinol to Ti(6-4) is complicated by the existence of a low melting 
phase that forms at about 1830°F. Since the bonding temperature is above 1830°F, roll 
bonding creates a liquid phase that precludes successful processing.). The plates may 
then be cooled to below 1800°F and rolled to affect a good metallurgical bond. The 
method of forming Ti(6-4) plates is well known to those skilled in the art. 

A third plate 40 may also be provided. As shown in Figure 1 , the third 
plate 40 is also contacted to the first plate 20 and bonded thereto. When a third plate 
40 is used, the third plate 40 may be welded to the second plate 30, such as in the area 
of the overhanging edges as is shown in Figure 1. Preferably, the contacting surfaces 
of the first plate 20 and the third plate 40 are cleaned, such as by grinding and pickling, 
before they are contacted. The bonding of the first plate 20 to the third plate 40 may be 
completed by the same method described above for bonding the first plate 20 to the 
second plate 30. 

In practice, several multiple layered armor plates 10 may be manufactured 
and stacked upon each other. In such an arrangement, an inert material that prevents 
a metallurgical bond from forming should separate the individual armor plates 10. Such 
coating or separation materials are well known to those skilled in the art and include 
BN, Ti0 2 and MgO. 



11 



The thickness of each plate that comprises the armor plate 1 0 of the 
present invention is selected based on several factors including energy absorption 
requirements, cost, and weight. One measure of the effectiveness of armor plates is 
the average velocity (V 50 ) of a shell required to penetrate the armor plate. The present 
5 invention provides an armor plate with repeat hit capability and increased over 
conventional armor plates of similar weight. 

It is to be understood that the present description illustrates aspects of the 
invention relevant to a clear understanding of the invention. Certain aspects of the 
n invention that would be apparent to those of ordinary skill in the art and that, therefore, 
ffl 0 would not facilitate a better understanding of the invention may not have been 
& presented in order to simplify the present description. Although the present invention 
2* has been described in connection with certain embodiments, those of ordinary skill in 

q the art will, upon considering the foregoing description, recognize that many 

W 

H modifications and variations of the invention may be employed. For example, the 

l[l 

rH 5 present description of embodiments of the invention has referred to a multiple layer 
plate-shaped structure comprising a plurality of individual layers or plates. It will be 
understood that the present invention is not so limited and encompasses, for example, 
any armor structure including one or more of the energy absorbing material that may 
undergo a reversible phase change and/or experience elastic strain deformation of at 
20 least 5% when impacted by a projectile or other object imparting sufficient energy to the 
armor structure. The foregoing description and the following claims are intended to 
cover all such variations, modifications, and additional embodiments of the present 
invention. 
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